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Abstract 
Certain surface defects of significant depth with maximum linear indication of 20 mm at the weld area have been observed during 
Liquid Penetrant Inspection (LPI) of the Inclined Fuel Transfer Machine (IFTM) welded chain. The same has been subjected to 
fatigue and break load testing to ascertain its structural integrity under service conditions. Two specimens have been subjected for 
testing to get repeatable experimental observations. Both the specimens tested for the required number of fatigue cycles (97000 
cycles as per ASME, Mandatory Appendix 6) towards the structural integrity demonstration. At the end of fatigue testing, the 
maximum linear indication of the surface defect of the weld area increased from 20 mm to 25 mm without any loss of integrity. 
Individual links of both the chains were able to articulate freely after completing the fatigue test. After completing the required 
fatigue cycle both the specimens were subjected to break load testing. The lowest break load obtained from both the specimen was 
27.1t and the respective collapse load obtained as per the ASME double slope method was 22 t. The above results indicated that, 
IFTM chain assembly qualifies for the safety with very high margins. Also, these experimental results give confidence that, collapse 
load obtained by the ASME double slope method is having a very high margin (~ 18%) with the actual break load. Finite element 
analysis has also been performed before conducting the experiment to understand the overall stress distribution of the chain under 
load condition and also to identify the critical location. The critical location predicted by FE analysis was in good agreement with 
the experimental results. 
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1. Introduction 
In case of 500MWe Prototype Fast Breeder Reactor (PFBR), the exchange of sub-assemblies from the reactor to 
the fuel building is done with the help of Inclined Fuel Transfer Machine (IFTM). The machine is about 22 meter 
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height and weighs 200t [1]. One leg of the machine is located in the reactor sodium pool and the other leg is located 
in the fuel building as shown in Fig.1. Hoisting mechanism of IFTM performs the operation of hoisting up/down the 
transfer pot for exchange of sub-assemblies across the reactor building using dual welded link chain & sprocket system.  
Considering the demanding duty of the chain in the hoisting system, the same is designed and manufactured with high 
level of safety as per PFBR specification [2]. 
 
The integrity of the chain is very important to avoid the free fall of the pot carrying spent SA into the vessel and 
consequent damage to the reactor. Utmost care is taken in the design to avoid such failure by providing a redundant 
path for the load bearing components. Certain surface defects of significant depth have been observed during Liquid 
Penetrant Inspection (LPI) of the chain.  Hence, there is a need to qualify the structural integrity of the chain by endurance 
testing. This paper discusses about the details of the structural integrity experiments performed to qualify IFTM chain. 
Finite element analysis has been performed prior to conducting the experiment to understand the overall stress distribution 
of the chain and also to identify the critical location. 
2. Test Specimen Selection 
Two chain specimens, each having 3 links, in which more surface defects found during LPI was selected for the 
experiment. The selected specimen contained surface defects of significant depth with maximum linear indication found 
at the weld area was 20 mm. The important geometrical details of the specimen are given in Fig.2. The diameter of the 
chain varied from 18.0 mm to 19.4 mm. But for the analysis purpose, the diameter of the chain is taken as 18.0 mm. 
Material for the IFTM hoisting chain is selected as SS 304 L from weldability point of view. The material properties 
required for the analysis has been taken from the RCCMR Appendix A3:4S properties [3]. 
 
 
Fig.1: Schematic arrangement of the IFTM.  
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3. Computation of Fatigue Number of Cycle as per ASME Method 
During the service conditions, the maximum load of the chain may vary from 0 to 1.3 t [2]. It can cause a cyclic load 
variation of 24000 cycles. The number of cycles required to qualify the chain under fatigue loading by two specimens 
for experiment is computed based on the guidelines provided by ASME Mandatory appendix-6: experimental procedure 
[4].  The statistical variation during the test and the fatigue strength reduction factor of 4.02 has been accounted for the 
computation of the number of cycles. Accordingly computed number of cycles for the experimental qualification is 96470 
cycles. 
4. Numerical Analysis 
Finite element analysis was performed before conducting the experiment to understand the overall stress distribution 
of the chain under load condition and also to identify the critical location. The chain link and the loading bolt was 
modelled as 3D solid elements (8 node brick elements). Symmetric boundary conditions are exploited to reduce the 
computation time by considering the symmetry in the geometry and loading conditions. Finite element formulation is 
presented in Fig.3. Surface to surface sliding contact has been ensured at the contact region of the chain and the loading 
arrangement. The maximum tensile load seen by the specimen during fatigue testing is 1.5 t. The same has been simulated 
at the free end of the loading arrangement as shown in Fig.3 
 
 
 
 
 
 
 
Fig.2: Geometrical details of IFTM chain. 
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Von-Mises stress distribution obtained based on the analysis is shown in Fig.4. The stress distribution shows that, 
under the service loading conditions of chain, the stress experienced in the weld location is very small. Maximum stress 
intensity for the chain assembly is found in the contact portion between the two links. Hence the failure of the chain 
link assembly under tensile loading is expected at this location (as shown in Fig.4.). The membrane stress at the weld 
location is 30MPa. The axial stress seen from the inner surface of the chain at the weld location is 64MPa and that of 
the outer surface is -7MPa. These values also presented in Fig.4. The associated axial strain of the chain assembly under 
tensile loading is found on the inner surface of the weld location is 320 P and that of the outer surface is -35P. The 
elastically computed peak strain at the critical location is -2500P.  
 
 
 
 
 
 
 
     
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3: Finite element simulation for the chain link loading arrangement.  
Fig.4: Von-mises stress distribution under tensile loading.  
703 R. Suresh Kumar et al. /  Procedia Engineering  114 ( 2015 )  699 – 706 
5. Experimental qualification  
Experimental facility developed to qualify IFTM chain based on fatigue and break load testing. It is presented with 
the FEM results in Fig.5. The 3 link chain is mounted on the servo hydraulic actuator as shown in Fig.5. It is capable to 
apply load controlled cyclic loading for the required number of cycles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.1 Acceptance Criteria for qualification 
Acceptance criteria for qualification for the IFTM chain assembly based on the performance found after testing is 
given below: 
x Before testing, the sample chain shall be checked by LPI to establish the baseline data. The same shall be 
repeated after fatigue testing so that the growth of the initial surface defects shall not be significant.  
x Chain individual links shall be articulated freely after fatigue testing from the functional integrity point of view.  
x After completion of fatigue testing, breaking load to be ascertained to ensure that sufficient margin is available to 
ensure the structural integrity during service conditions.  
5.2 Fatigue Testing 
Two specimens have been tested for the fatigue loading. The fatigue testing was load controlled in nature. The 
cyclic loading that varies from 1.5 t to 0.2 t has been applied with a frequency of 0.5 Hz. The maximum range of load 
applied cyclically to the specimen is 1.3t. It is same as the maximum load that can appear on the chain assembly during 
service condition. The test arrangement along with specimen is shown in Fig.5. The deformation evaluation indicated 
that the specimen subjected with some initial hardening cycles and then subsequently it stabilises. Axial strain gauges 
Fig.5: Test arrangement for the chain structural integrity qualification. 
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have been pasted on the either side of the weld location (A & B as indicated in Fig.6). The strain gauge data obtained 
during the fatigue loading is presented in Fig.6. The results show that there is an accumulation in strain in every cycle 
of loading and later on it stabilised. Both specimens have completed the required number of fatigue cycles (97000 
cycles as per ASME, Mandatory Appendix: 6) without failure towards experimental qualification. Individual links of 
both the chain were able to articulate freely after completing the fatigue test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3 Break Load Testing 
The break load testing has been done for both the specimens as soon after completing the fatigue and acceptance 
test. The load deflection diagrams for both the specimens are presented in Fig.7. The first specimen is tested with the 
combination of loading and unloading. The load-deflection diagram indicated that, the breaking load observed based 
on testing for the first specimen is 27.8 t and that of the second specimen is 27.1 t. The higher breaking load for the 
first specimen is due to the hardening mechanism involved while loading and unloading during testing. The 
experimentally obtained brake load has been compared with the collapse load assessed based on the ASME double 
slope method [4].  The comparisons of these values are presented in Table-1. The assessment of the collapse load 
assessed based on the ASME double slope method [4] is presented in Fig.7. 
Table-1: Comparison of the collapse load computed by ASME method with the experimental break load 
 
Specimen  Collapse load  
 Experimental 
obtained break load 
 (t) 
ASME double slope 
method  
(t) 
% variation of the ASME 
method with experimental 
method 
1 27.8 22.7 - 18.3 % 
2 27.1 22.1 - 18.4 % 
Fig.6: Test arrangement for the chain structural integrity qualification. 
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From Table -1, it is clear that, collapse load computed by the ASME double slope method is 18 % less than the 
experimentally observed break load. This experimental results give confidence that, collapse load obtained by the 
ASME double slope method is causing very high margin with the actual break load.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.4 Comparison of the experimental observation with FEM results 
Axial strain gauges have been pasted on the either side of the weld location (A & B as indicated in Fig.2). The 
strain gauge data obtained at these locations (A & B) have been tabulated in Table-2. The strain gauges data are in 
god agreement with the FEM results. The mode of failure and the location of the failure surface is in good agreement 
with the FE prediction (Fig.4). 
Table-2: The axial strain comparison by FEM and experiment at the weld location 
6. Conclusion 
 Two IFTM 3 link chain samples found more surface defects of significant depth with a maximum linear indication 
of 20 mm at the weld area during LPI have been tested to demonstrate its structural integrity during service condition. 
Both the specimens tested for the requisite number of fatigue cycles (97000 cycles as per ASME, Mandatory 
Appendix:6) towards the structural integrity demonstration. At the end of fatigue testing, the maximum linear 
indication of the surface defect of the weld area increase from 20mm to 25mm without any loss of integrity. Individual 
Locations Load (t) Axial Strain (P) 
By  FEM By Experiment 
A 1.5 -35.0 -75.0 
B 1.5 320 325 
Fig.7: Test arrangement for the chain structural integrity qualification. 
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links of both the chains were able to articulate freely after completing the fatigue test. After completing the required 
fatigue cycle both the specimens were subjected to break load testing. The lowest break load obtained from both the 
specimen was 271t and the respective collapse load obtained as per the ASME double slope method was 22t. The 
above results indicated that, IFTM chain assembly qualifies for the safety with very high margins. Besides, these 
experimental results give confidence that, collapse load obtained by the ASME double slope method is having a very 
high margin (18 % less than) with the actual break load. Finite element analysis has also been performed before 
conducting the experiment to understand the overall stress distribution of the chain under load condition and also to 
identify the critical location. The critical location predicted by FE analysis was in good accord with the experimental 
observations. The above results indicated that, even though certain surface defects with linear indication of 20mm 
length found during LPI many not cause a concern in the structural integrity of the component, if it can be demonstrated 
experimentally. 
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